While metal ions such as copper and zinc are essential in biology, they are also linked to several amyloid-related diseases, including Alzheimer's disease (AD). Zinc and copper can indeed modify the aggregation pathways of the amyloid-β (Aβ) peptide, the key component encountered in AD. In addition, the redox active copper ions do produce Reactive Oxygen Species (ROS) when bound to the Aβ peptide. While Cu(I) or Cu(II) or Zn(II) coordination to the Aβ has been extensively studied in the last ten years, characterization of hetero-bimetallic Aβ complexes is still scarce. This is also true for the metal induced Aβ aggregation and ROS production, for which studies on the mutual influence of the copper and zinc ions are currently appearing. Last but not least, zinc can strongly interfere in therapeutic approaches relying on copper detoxification. This will be exemplified with a biological lead, namely metallothioneins, and with synthetic ligands.
Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disease, with a prevalence of around 35 million patients worldwide.1 This number is expected to triple within the next 35 years, making AD a current major global public health problem. In the brain, one of the hallmarks of the disease is the extracellular accumulation of Amyloid-β (Aβ) peptides into senile plaques. The amyloid cascade hypothesis describes this process: Aβ is present in healthy brains in soluble and monomeric forms. In contrast, in AD brains, these peptides aggregate into oligomers and then fibrils which assemble themselves into so-called senile plaques. 2, 3 In the last few years, therapies based on inhibiting the aggregation of the Aβ peptides have failed clinical trials and, as a consequence, attention has been paid to other factors. 4 Indeed, AD has been linked to the dyshomeostasis of both Cu(I/II) and Zn(II) ions. 5 Regarding Zn(II) ions, both increased and decreased concentrations have been measured in AD brains compared to healthy brains. 6 Similarly, Cu ions are present in a 2-fold higher concentration in the CNS6 and in higher concentrations in the hippocampus while intraneuronal Cu(I) deficiency has been reported to be a key factor in AD.7,8 Important levels of these metal ions have also been found in the senile plaques: 0.4 mM of Cu and 1 mM of Zn(II).9,10 Consequently, these metal ions are supposed to play a key role in the aggregation of the Aβ peptides in vivo and thus in the associated amyloid cascade process. 11, 12 In addition, the literature reveals the impact of metal ions on the Aβ aggregation in vitro, although contradictory effects have been reported.11,12 They can modify either the kinetics of aggregation or the morphology of the aggregates. While there are many divergent reports on the impact of metal ions, two main consensual features are described: (i) the importance of the ratio between metal ions and peptides,11-13 and (ii) the different effects produced by Cu and Zn ions.11 Metal-induced aggregation is also described for other neurodegenerative diseases such as Parkinson's and Prion diseases, all characterized by misfolding of amyloidogenic proteins and metal ion dyshomeostasis. 6, 14 In AD, another important consequence of this dyshomeostasis is the production of Reactive Oxygen Species (ROS) by the Cu-Aβ complex, which catalyses the reduction of O 2 , in the presence of a reductant such as ascorbate.9,15 Indeed, it has been proposed that superoxide, hydrogen peroxide and hydroxyl radicals, which are the resulting species of the incomplete reduction of O 2 , attack the surrounding biomolecules, thus participating in the global oxidative stress observed in AD. 16 Within this context, metal chelation (using chelators) ‡ or metal redistribution (using metallophores) ‡ therapeutic approaches against AD have been under focus during the past few years. 8, 17 In general, Cu is considered as the most pertinent target due to the ROS related toxicity of this redox competent ion.8 The first generations of ligands ‡ were capable of removing Cu(II) from Aβ peptides, stopping ROS production and favouring the disaggregation of Aβ senile plaques.8 Clioquinol and PBT2 have shown to be the best candidates and have gone under clinical trials, however, both have failed in phase II. 18 To explain such unsuccessful results, it has first been proposed that these ligands cannot differentiate between the toxic Cu bound to Aβ and the Cu bound to essential metalloproteins. A new hypothesis relies on a too weak discrimination between the Cu(II) target and the Zn ions. 19, 20 In fact, the significance of the selectivity in the development of ligands in the wide context of the chelation therapy has already been reviewed. 21, 22 Particularly, the need for selectivity between the targeted toxic metal ion and other biological metal ions has been discussed for actinide decorporation,23 and the need for Cu/Zn selectivity in the case of Wilson's disease. 24 Therefore, different approaches are under focus to find new generations of ligands:17,25 (i) prochelators,26 which can be activated by H 2 O 2 27 or β-secretase28 directly in the brain; (ii) multi-target compounds, e.g. those with an Aβ recognition moiety and a chelating moiety;29,30 (iii) Cu(II)-chelators with a glucose moiety31 or nanoparticles32 as transporters through the Blood Brain Barrier.
It seems clear that the brain is a highly complex system, which also makes AD an intricate illness. There are many factors that could be implicated in the development of the disease, such as the different metal ions present in the synaptic cleft altogether with a wide range of biomolecules. The interaction of all of them could be relevant for the etiology, but trying to understand the basis requires starting by the simplest systems. For example, from a bioinorganic chemistry approach of the disease, the effort was put on monometallic systems i.e.
Cu-Aβ,10,33 or Zn-Aβ.34-36 Nevertheless, this is partially representative of the reality. Hence, a first step toward a more realistic picture would be to study the mutual influence of both metal ions in their interaction with the peptide at the molecular level, in order to understand the fundamental aspects of AD and to improve the development of ligands.
In this review, we report first the coordination chemistry of Aβ peptides with Cu(II), Cu(I) or Zn(II) and also of hetero-bimetallic species. The impact of the co-presence of Cu and Zn ions on the metal-induced Aβ aggregation and/or on the ROS production by the Cu-Aβ complex is then described. Finally, the importance of considering Zn in Cu-based chelation therapy is discussed. Personal points of view are also given about future research lines with respect to these three aspects.
Coordination chemistry of Cu and Zn to Aβ

Monometallic complexes
The amyloid-β (Aβ) peptide is a 40-42 amino-acid residue long peptide, of which the more hydrophobic region, the C-terminal, is prone to aggregation. The high affinity metal binding site of Aβ peptides is found at residues 1-16. For this reason, Aβ1-16 is proposed as a model for the coordination and redox properties of the full-length peptides. Coordination of Cu(II), Cu(I) and Zn(II) to the amyloid-β peptides has been extensively studied and probed by many different techniques. The most accepted coordination spheres for these metal ions, as well as their corresponding affinities, are summarized in Fig. 1 . In the case of Cu(II), two different binding modes can be found at physiological pH, known as components I and II.
They both show a distorted square-planar geometry and share the terminal amine as a ligand. Component I, which is predominant at lower pH, binds to Cu(II) through the N-terminal amine, the carbonyl from the amide bond of Asp1-Ala2, and the imidazole nitrogen (N im ) from two His residues, His6 and His13 or His14 in equilibrium. In component II, predominant at higher pH values, the nitrogen atom from the Asp1-Ala2 amide bond is deprotonated and binds to the Cu(II) ion, together with the N-terminal amine, the CO from the Ala2-Glu3 peptide bond and one imidazole group from a His residue.10,37 A second site has been described for the Aβ1-28 peptide but its low affinity would make it a biologically irrelevant coordination site.38 Cu(I) is bound in a linear fashion by two among the three possible N im of His6, His13 and His14 in an equilibrium, in which the His13-His14 pair seems to be the preferred ligands.39-41 The first 16 amino acids are also involved in the coordination of Zn(II). Previous studies stated the involvement of the three histidine residues in the coordination site. [42] [43] [44] [45] [46] [47] [48] The N-terminal amine and the Glu11 residue (among others) would be also involved in the coordination.34-36 A more recent study proposes a different coordination sphere deduced from the study by 1 H-NMR and Xray absorption spectroscopy of Aβ1-16 and a range of modified peptides. 34 The Zn(II) ion has a tetrahedral binding to two histidine residues (His6 and His13 or His14), and two carboxylate residues (Glu11 and Asp1 or Glu3 or Asp7, with a preference for Asp1). In this case, the N-terminal amine does not coordinate to Zn(II) at physiological pH. This proposition is in line with previously reported affinity studies on the very same series of modified peptides.49
Hetero-bimetallic complexes
A seminal competition study observed that Cu(II) displaced more than 95% of Zn(II) bound to Aβ. 50 The first research regarding the simultaneous binding of Cu(II) and Zn(II) to Aβ peptides was performed by Damante et al.51 where they used the polyethylene glycol (PEG) conjugated peptide, which has enhanced water solubility and could aid in the spectroscopic studies. By using potentiometric measurements altogether with UV-Vis, CD and EPR spectroscopy studies, they shed light on the mutual interference of the metal ions. At pH >7, a hetero-bimetallic complex of Cu(II), Zn ( Table 1 ). Contrary to the study of Damante et al.,51 they also probed a more important contribution of His13 and His14 as ligands for Cu(II) in the presence of Zn(II). 53 In a further study, they proposed that Zn(II) and Cu(II) do compete for one binding site.54 However, this is in disagreement with the respective affinity values of Cu(II) and Zn(II) for the Aβ peptide that differ by at least three orders of magnitude ( Fig. 1) . The most likely explanation for such unexpected observation is linked to the experimental procedure that may force precipitation of either Zn(II)-Aβ or Cu(II)-Aβ and modify the associated thermodynamic equilibria.54 Indeed, with other sample preparation, only the formation of the hetero-bimetallic complex was observed.52 Alies et al. 52 have investigated as well the Cu(I)/Zn(II) system which could be highly relevant in vivo. They used NMR spectroscopy and XANES to study the co-presence of Cu(I) and Zn(II). Indeed, XANES allows to distinguish the different oxidation states of the Cu ion and to observe the environments of Cu and Zn simultaneously since Cu and Zn K-edges are close enough to be recorded on the very same sample. While Zn(II) only slightly impacts the Cu(II) binding site (inducing a weak shift from component I to component II), both Cu(I) and Cu(II) influence the coordination sphere of Zn(II). Notably, in the case of the mixed Cu(I)/Zn(II) complex, Cu(I) remains coordinated to two histidine residues, leaving only one available for Zn(II) binding (Fig. 1) .
Kinetics of metal binding by Aβ peptides
Another important parameter to take into account would be the kinetics of the interaction between metal ions and Aβ peptides. A pioneering study by Pedersen et 
Concluding remarks and prospective
All the studies (summarized in 
Aggregation and ROS production Aggregation
Aβ aggregation is the catalytic auto-assembly of the monomeric peptide (mathematically described by a sigmoid-shape curve).11 Metal-induced aggregation has been widely studied: different pH conditions, temperature, concentration, metal : peptide ratio, etc. seem to have an influence on the aggregation rate and species formed. The influence of Cu(II) on the Aβ aggregation seems to be mainly dependent on its ratio (see Fig. 2 , left),61 and may lead to the production of highly cytotoxic oligomers. 55, 62, 63 In the case of aggregation in the presence of Zn(II), even small sub-stoichiometric quantities of the metal ion have an important influence on the aggregation of the Aβ peptides (see Fig. 2 
ROS production by monomeric species
Since Zn(II) and Cu(I/II) have a clear mutual influence on their coordination to the Aβ peptides and on the metal-induced aggregation, Zn(II) could also have an impact on the ROS production by the Cu-Aβ complex. In this sense, a few studies have taken into account the co-presence of these metal ions and some of them have even indicated a protective role of Zn(II). 71 The first studies on the protective role of Zn(II) in Cu(II)-Aβ-induced ROS production were carried out by Bush and co-workers.71 They found that the co-presence of Zn(II) improved the survival of cells incubated with Cu(II) and Aβ1-42 altogether with a decrease of the level of H 2 O 2 production. They proposed a shift of the Cu ion in the peptide apart from its redox-active binding site as the origin of the redox-silencing properties associated with Zn(II). As it has been reported later, Zn(II) effectively displaces Cu(II) to its component II binding mode (see the previous paragraph); however, Alies et al. 52 showed that this has no impact on the ROS production as monitored by ascorbate consumption and H 2 O 2 production (two of the most used methods to probe the production of ROS by Cupeptide systems, see Fig. 3 ). In other words, while Zn(II) impacts the coordination of Cu(II) to Aβ, its addition at the stoichiometric ratio has no effect on the Cu-Aβ-induced ROS production and associated cellular toxicity (Fig. 4A) . This is in line with a recent study proposing that, in contrast to what can be expected based on the redox potential of Cu(II) in component I or II,75 the coordination mode of Cu(II) is not the predominant factor in ROS production. 76 Other factors such as the metal ion ratio or aggregation states might influence the ROS production by mixed metal complexes and it may be of interest to further investigate them as well.
ROS-production by aggregated species
The relationship between the aggregation states of the Cu-Aβ complexes and their ROS production in vitro has been described in the literature. Cu-Aβ aggregated species are able to produce ROS,69 but at a lower level than the Cu-Aβ monomeric complex (see Fig. 4B ). 77,78 Mayes et al. 69 have also incorporated into their research the ROS production of mixed metal Cu,Zn-Aβ aggregates (see Fig. 4C ). They studied the degradation of H 2 O 2 and the consequent HO • production by different Cu-Aβ and Cu,Zn-Aβ aggregated species. They observed that Aβ aggregates are capable of degrading H 2 O 2 both when they have been formed in the presence of Cu(II) and when the metal has been added after fibril formation. In addition, increasing the ratio of Zn(II) over Cu(II) : Aβ diminished the quantity and the rate at which H 2 O 2 was degraded. They also corroborate the "antioxidant" effect associated with Zn(II) with less intense oxidation of the peptides, followed by carbonyl group formation indicative of peptide oxidation.
Concluding remarks
In this part, studies have shown that metal-induced aggregation and/or ROS production are already complex in monometallic systems for which there are many studies reported (see reviews:11,12,79). There are still not enough reported data on hetero-bimetallic systems to reach any kind of general conclusion about the mutual influence of Cu and Zn ions on aggregation and/or ROS production. Future studies should address this issue and include more detailed investigations on the impact of different factors such as Cu to Zn ratios, metal to peptide ratios, pH, mixture of Aβ peptides (Aβ1-40, Aβ4-40, Aβ11-40, etc.)… In this context, pioneering aggregation studies performed in CSF mimicking media70 or in CSF from AD patients are worth noting.80
Besides, kinetic aspects may also be extremely important for aggregation. This includes determining how the metal (Zn(II) or Cu(II)) addition during the aggregation matters both for the kinetics of the aggregation process and for the morphology of the aggregates. Knowing the rate of Zn and/or Cu-induced structural rearrangement to aggregation prone species would also be of significance.
Metal ion-based therapy
Due to the important toxicity shown by Cu ions within the context of AD, many Cu(II) ligands have been developed in the past few years.17,25 They all can remove Cu(II) from Aβ peptides, and reduce its associated toxicity. One of the requirements for the design of ligands is their affinity towards Cu(II) compared to Aβ: it should be higher than that of the peptide (see Fig. 5, left) . Nevertheless, their affinity should be lower than that of important metalloproteins, in order to avoid deleterious side effects. Furthermore, as previously mentioned, Zn(II) is present in high concentrations in the synaptic cleft and in the senile plaques and has an important impact on the Cu(II) coordination and the associated ROS production and Aβ aggregation. For this reason, some researchers have studied the impact of Zn(II) on the Cu(II) chelation therapy.
Metallothioneins: a biological model
Vašák and co-workers have studied the impact of metallothionein 3 (Zn 7 -MT-3) on the toxicity of the Cu(II)-Aβ complex. 81, 82 There is a swap of metallic ions between the Aβ peptides and Zn 7 -MT-3 (see Fig. 6 , left). The mechanism proposed includes the dissociation of the Cu(II)-Aβ complex and the chelation of the free metal ion by the metallothionein.83 Also, the formation of two disulphide bonds triggers the reduction of Cu(II) into Cu(I), forming an air-stable Cu(I) 4 
Synthetic ligands and selectivity issue
Later, our group has highlighted the impact of the presence of Zn(II) within the Cu(II)-chelation context.19 Two synthetic chelators were tested, and while both are able to retrieve Cu(II) from Aβ, only one removes Cu(II) from Aβ in the presence of Zn(II). For the latter one and as in the case of Zn 7 -MT-3, there is a swap of metallic ions between the peptide and the chelator, and the resulting species cannot produce ROS (see Fig. 6, right) . We propose the following explanation (based on thermodynamics only): a good chelator needs not only a high affinity constant for Cu(II) (see Fig. 5 , left) but also high Cu(II) over Zn(II) selectivity, that corresponds to the ratio between its affinity constant for Cu(II) and for Zn(II) (see Fig. 5 , right). Actually, the Cu(II) over Zn(II) selectivity of the chelator should overcome that of the Aβ peptides themselves, which is high (about 4 orders of magnitude, see Fig. 1 ).
There are several studies reported in the literature that address the removal of Cu(II) or Zn(II)
from Aβ,88-91 and some introduce the importance of having a high Cu(II) over Zn(II) selectivity for the ligand.92-94 However, to the best of our knowledge, the importance of overcoming the Cu(II) over Zn(II) selectivity of Aβ was not taken into account. In other words, the removal of Cu(II) from Aβ by a chelator in the presence of Zn(II) was not thoroughly described except in ref. 19 . Nevertheless, Zn(II) interference in Cu(II) removal from Aβ should be taken into account as it can either promote protective effects when the metal swap occurs19,82,84 or be detrimental if not.19
Prospective
Importance of the selectivity issue for other metal-based therapeutic approaches-All of these different studies prove that within the chelation therapy context, not only the toxic Cu(II) ion has to be taken into account but also other metal ions in the environment of the peptides such as Zn(II). The same kind of study should be applied to the removal of Cu(I) in the presence of Zn(II). Indeed, the oxidation state of Cu in the synaptic cleft is not well defined. It would also be interesting to design Cu(I) chelators within the AD context, as recently reported in the literature.95,96 However, there are no studies about Cu(I) chelation against AD in a Zn(II)-rich environment. The same selectivity issue may also apply for metallophores, such as clioquinol, PBT2,18 and gtsm,97 and for multi-target ligands as well.17
Selectivity issues regarding other peptides-The selectivity of the ligands may take into account the intrinsic selectivity of the peptide of interest as there are many forms of Aβ peptides. In the case of Aβ4-40 and Aβ11-40 peptides, which are N-terminally truncated, an extremely high Cu(II) over Zn(II) selectivity is expected based on the formation of the high Cu(II)-affinity ATCUN motif,98 while Zn(II) affinity may remain mostly unchanged. This will imply having ligands with even higher Cu(II) over Zn(II) selectivity than the one required in the case of Aβ1-40. The same would also be true for the murine peptide for which higher Cu(II) affinity has been reported,99 as well as weaker Zn(II) affinity.100 This might be important as murine peptides are co-secreted along with human peptides in AD model mice.
Influence of other biological components-As probed here for Zn(II) and Cu(II/II), interference of other biological components might also be of importance. Iron, for example, is also present in concentrations that would legitimate this kind of investigation. Indeed, iron is also responsible for ROS production, and might modulate the aggregation of the Aβ peptides.10,101,102 The removal of this metal ion is likewise important and some groups are working on specific iron chelators for AD (for review, see ref. 101) . Recently, Youdim's group has studied the ability of new Fe chelators to improve memory loss in rats. 103 However, in contrast to Zn(II), much effort is required to decipher the Fe(II/III) binding ability to Aβ, since only a very preliminary study has been reported until now.104 Moreover, other metal ions, despite having a lower affinity constant for the peptides, can also interfere since they are highly concentrated. Thus, it would be important to investigate different metal chelation/redistribution therapeutic approaches in the presence of all the biologically relevant ions (Mg(II), Ca(II), Na(I), K(I)…).
Kinetic issues-Another key parameter is the rate of Cu ion removal from the Aβ peptides,56,105 including in the presence of Zn(II). In other words, the kinetic aspect has to be taken into account as well as the thermodynamic one, as previously detailed.
Conclusions
In this review, we have focused on the mutual influence of Cu and Zn regarding their coordination to Aβ peptides, as well as the resulting impact on the aggregation and ROS production. We have also highlighted the importance of the co-presence of both Cu(II) and Zn(II) for the metal ion chelation/redistribution therapeutic approaches.
As detailed through the present manuscript, future chemical work will undoubtedly include studies of the interaction of both metal ions with the peptide in the presence of other biologically relevant components, such as glutamate, acetylcholine, other metal ions, metallothioneins… This will bridge the gap between in vitro and in vivo studies, probing metal ion-peptide interactions under more complex conditions but still at the molecular level.
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